-The degree of fetal lung expansion is a critical determinant of fetal lung growth and alveolar epithelial cell (AEC) differentiation, although the mechanisms involved are unknown. As VDUP1 (vitamin D3-upregulated protein 1) can modulate cell proliferation, can induce cell differentiation, and is highly expressed in the lung, we have investigated the effects of fetal lung expansion on VDUP1 expression and its relationship to expansioninduced fetal lung growth and AEC differentiation in fetal sheep. Alterations in fetal lung expansion caused profound changes in VDUP1 mRNA levels in lung tissue. Increased fetal lung expansion significantly reduced VDUP1 mRNA levels from 100 Ϯ 8% in control fetuses to 37 Ϯ 4, 46 Ϯ 4, and 45 Ϯ 9% of control values at 2, 4, and 10 days of increased fetal lung expansion, respectively. Reduced fetal lung expansion increased VDUP1 mRNA levels from 100 Ϯ 16% in control fetuses to 162 Ϯ 16% of control values after 7 days. VDUP1 was localized to airway epithelium in small bronchioles, AECs, and some mesenchymal cells. Its expression was inversely correlated with cell proliferation during normal lung development (R 2 ϭ 0.972, P Ͻ 0.002) as well as in response to alterations in fetal lung expansion (R 2 ϭ 0.956, P Ͻ 0.001) and was positively correlated with SP-B expression during normal lung development (R 2 ϭ 0.803, P Ͻ 0.0001) and following altered lung expansion (R 2 ϭ 0.817, P Ͻ 0.001). We suggest that VDUP1 may be an important mediator of expansion-induced lung cell proliferation and AEC differentiation in the developing lung.
vitamin D 3-upregulated protein 1; fetal lung development; lung expansion; cell proliferation; surfactant protein B DURING FETAL LIFE, LUNG DEVELOPMENT is largely determined by the degree to which the lungs are distended by liquid. This liquid is secreted across the pulmonary epithelium into the lung lumen and leaves the lungs via the trachea. The fetal glottis and upper airway (18) restrict the efflux of lung liquid causing it to accumulate within the future airways. At rest (during fetal apnea), this maintains an internal distending pressure on the fetal lungs of 1-2 mmHg (43), which is vital for fetal lung growth and development. If this internal distending pressure is abolished by draining the fetal lungs of liquid, lung growth ceases (1, 19) . On the other hand, obstruction of the fetal trachea [tracheal obstruction (TO)] prevents the loss of lung liquid, causing it to accumulate within the future airways. As a result, the fetal lungs expand with accumulated liquid, which is a potent stimulus for fetal lung growth and structural maturation (6, 19, 31, 32) .
The acceleration in lung growth induced by TO is time dependent, causing a maximum increase in DNA synthesis rates at 2 days of TO, which returns to control levels by 10 days of TO (31) (32) (33) ; the cell types in the distal lung that proliferate include type II alveolar epithelial cells (AEC), fibroblasts, and endothelial cells (33) . The basal level of lung expansion is also an important determinant of AEC phenotype, as alterations in fetal lung expansion induce major changes in type I and type II AEC proportions. Increases in lung expansion induce type II to type I AEC trans-differentiation, whereas reductions in lung expansion favor the type II cell phenotype (3, 12, 15) . Although it is clear that the basal degree of lung expansion regulates lung cell proliferation and AEC differentiation, the cellular and molecular mechanisms that mediate these effects are unknown.
As lung expansion is an important determinant of normal fetal lung development, much attention has focused on identifying the genes that mediate expansion-induced fetal lung growth, particularly as they are likely to be normal endogenous regulators of lung cell proliferation and differentiation. We have recently identified VDUP1 (vitamin D 3 -upregulated protein 1) as a gene that is differentially expressed by 36 h of increased fetal lung expansion (40a) . VDUP1 is a 46-kDa intracellular protein that was initially isolated in HL-60 cells, and its expression is upregulated by vitamin D 3 administration (8) . VDUP1 is highly expressed in the lung (23) and has well described roles in cell cycle inhibition and tumor suppression (8, 17, 23, 38) as well as cellular differentiation (7, 8, 10, 41) . Thus it is possible that VDUP1 is an important modulator of fetal lung growth and development, but its potential role in lung development has not been investigated previously. Our primary aim was to determine the effect of normal, accelerated, and reduced lung growth, induced by changes in fetal lung expansion, on VDUP1 expression in fetal sheep; we have also correlated these changes with the known changes in fetal lung growth and maturation induced in these models. We hypothesized that VDUP1 mRNA levels would be low during periods of rapid lung cell proliferation and elevated when lung growth is inhibited and type II AEC differentiation is enhanced.
METHODS
Experimental groups. The lung tissues used in this study were previously collected from fetal and newborn sheep during 1) normal fetal and postnatal development (14) as well as following 2) accelerated (24, 32) and 3) retarded (19) fetal lung growth, induced by alterations in fetal lung expansion. The Monash University Committee for Ethics in Animal Experimentation approved all experimental procedures involving the use of animals. The animals included in the ontogeny analysis were not exposed to any experimental manipulation, and lung tissue was collected at 90, 105, 111*, 128, 138, and 142 days of gestational age (GA; term ϳ147 days) and at 2 wk postnatal age (PNA; n ϭ 5 for each, except *n ϭ 4) as described previously (14) .
Fetal lung growth rates were manipulated in chronically catheterized fetal sheep by increasing and decreasing the degree of fetal lung expansion (19, 24, 33) . To implant fetal catheters, anesthesia of the ewe and fetus was induced by sodium thiopentone (1 g iv) and was maintained, after tracheal intubation, by inhalation of 1.5% halothane in O 2. Two large-bore, saline-filled silicon rubber catheters were inserted into the midcervical trachea of each fetus; one catheter was directed toward the lungs, and the other was directed toward, but did not enter, the larynx. These catheters were exteriorized from the ewe and joined together to form a continuous tracheal loop that allowed normal flow of tracheal liquid.
To accelerate fetal lung growth, the exteriorized tracheal loop was obstructed (TO) for 2, 4, or 10 days (n ϭ 5 for each) during the alveolar stage of lung development (24, 33) . This prevents the normal efflux of lung liquid via the trachea, causing the fetal lungs to expand with accumulated liquid, which markedly increases fetal lung growth rates (32) and induces type II to type I cell trans-differentiation (12) . In control fetuses (0 day TO, n ϭ 5), lung liquid was allowed to flow through the tracheal loop unimpeded, thereby maintaining a normal level of lung expansion (33) . To retard fetal lung growth, fetal lung expansion was reduced by draining the fetal lungs of liquid via the tracheal catheter for 7 days (19) (n ϭ 4). This causes lung growth to cease (1, 19, 31) and favors type I to type II AEC differentiation (15) . In age-matched control fetuses (n ϭ 4) lung liquid was again allowed to flow normally through the tracheal loop unimpeded (19) . For all experiments in which lung liquid volumes were manipulated, the experimental period ended at ϳ128 days of gestation.
All animals were humanely killed with an overdose of pentobarbital sodium (130 mg/kg iv). At autopsy, the lungs were drained of liquid, removed, and weighed; the left bronchus was ligated; and the left lung was removed distal to the ligature. Small portions of the left lung were then snap frozen in liquid nitrogen and stored at Ϫ70°C for Northern blot analyses. The right lungs were fixed via the trachea at 20 cmH2O with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), and portions were processed for electron and light microscopy.
Ovine VDUP1 cDNA fragment. The ovine VDUP1 cDNA fragment used in these studies (clone R23; accession no. DQ004561) was isolated by subtraction hybridization in a separate experiment, designed to identify genes that are up-and downregulated by 36 h of increased lung expansion (40a). This fragment was one of the most highly downregulated clones isolated, is 406 nt in length, and has 78% nucleotide identity to nucleotides 2328 -2701 of the published 3Ј-untranslated region of human VDUP1 (accession no. NM_006472.1). In total we isolated and cloned 15 other cDNA fragments aligning to four different regions of the human VDUP1 gene. In two clones that contained cDNA fragments corresponding to coding region of the human VDUP1 gene, one had 93% nucleotide identity and 100% amino acid identity (nt 221-282), whereas the other had 90% nucleotide identity and 98% amino acid identity (nt 963-1497); the latter corresponded to the last ϳ40% of the coding region of the human VDUP1 gene. Clearly, therefore, the sequence of the VDUP1 gene is well conserved over the coding region between sheep and humans but is less well conserved in the untranslated regions.
Northern blot analysis. Fetal lung VDUP1 and surfactant protein (SP)-B mRNA levels were quantified by Northern blot analysis using ovine 32 P-labeled cDNA probes. Total RNA was extracted from fetal lung tissue by a modified guanidine-thiocyanate method, and 20 g of denatured RNA were electrophoresed on a 1% agarose gel containing formaldehyde. The RNA was transferred to a nylon membrane (Duralon-UV membranes, Stratagene) by capillary action in 5ϫ saline sodium citrate buffer and cross-linked to the membrane with UV light (Hoeffer UVC 500, Amrad). The membrane was prehybridized in hybridization buffer (deionized formamide, 7% wt/vol SDS, 5ϫ SSPE, and 0.1 mg/ml salmon sperm) at 42°C for ϳ4 h before the addition of radiolabeled denatured cDNA probe (2 ϫ 10 6 cpm/ml). The cDNA probes used were generated from the ovine VDUP1 cDNA fragment described above and a 330-nt ovine SP-B cDNA fragment (27) . Hybridization occurred at 42°C overnight before a series of low (1ϫ SSC, 0.1% SDS) and high (0.1ϫ SSC, 0.1% SDS) stringency washes were performed to remove nonspecifically bound probe. Membranes were sealed in plastic and exposed to a phosphor storage screen for 1-3 days before being imaged by a phosphorimager (Storm 860, Molecular Dynamics). Membranes were subsequently reprobed with a radiolabeled ovine cDNA fragment for 18S rRNA to adjust for minor differences in loading. The intensity of each band was determined with the image analysis software Image QuaNT (Molecular Dynamics). The ontogeny analysis was performed on two blots due to the large number of samples. To allow comparisons between the two blots, the 128-day GA samples were run on each blot, and then all values were expressed as a percentage of the mean 128-day GA value. The mRNA levels for VDUP1 and SP-B are expressed relative to the level of 18S rRNA in individual animals and then as a percentage of either the mean control value or the 128-day GA ontogeny value.
VDUP1 immunohistochemical analysis. The fixed right lung was separated into the upper, middle, and lower lobes, and each lobe was accurately cut into 5-mm slices. Every second slice from each lobe was further subdivided into three sections. Six sections were then chosen at random from each lobe, and the tissue was cut into ϳ1 cm ϫ 1 cm sections (ϫ5 mm thick) and embedded into paraffin blocks. Blocks were selected at random, and tissue sections were cut at 5 m. The sections were incubated at 60°C for 2 h, deparaffinized in xylene, rehydrated using graded alcohol washes, and washed in PBS. The sections were then boiled in sodium citrate (0.01 M, pH 6.0) for 20 min (in microwave, on high) to enhance antigen retrieval, washed in PBS (2 ϫ 5 min), and then incubated in hydrogen peroxide (3%) for 5 min to block endogenous peroxidase activity. The sections were then rinsed in water, washed again in PBS, and incubated in blocking-permeabilization buffer (3% normal goat serum, 0.1% Triton X-100 in PBS) in a humidity chamber (30 min at room temperature). The sections were incubated with primary antibody (1:1,000, mouse anti-human VDUP1; MBL, Nagoya, Japan) for 90 min at room temperature, washed in PBS (with 0.1% Tween 20) for 5 min (3ϫ), and then incubated with a biotinylated secondary antibody (goat anti-mouse diluted 1:700; Vector Laboratories, Burlingame, CA) in PBS for 1 h at room temperature. The sections were again washed in PBS/0.1% Tween 20 for 5 min (3ϫ), and then the biotinylated secondary antibody was detected using the Vectastain ABC detection kit (Vector Laboratories). The sections were washed, dehydrated, and permanently mounted.
All tissue sections were viewed under a light microscope, and at least four sections (from different regions of the lungs) were viewed from each animal; care was taken to avoid sections containing major airways and blood vessels. Multiple fields of view were examined per section (at least six or seven per section), at different magnifications, and cellular localization was ascertained by examining the nucleus and cytoplasm of the cell by varying the focus through the tissue. Digital images were captured and stored electronically.
Cell proliferation. DNA synthesis rates were determined for fetuses exposed to increases and decreases in fetal lung expansion by measuring the incorporation of [ 3 H]thymidine into DNA (disintegrations per min/g DNA) as previously described (19, 24, 33) ; values are expressed as a percentage of control values. In fetuses used for the ontogeny analysis, lung cell proliferation rates were determined using an immunohistochemical marker of cell proliferation (Ki67). Random portions of frozen lung tissue from three fetuses each at 90, 110, 128, 138, and 142 days GA were sectioned at 10 m. The sections were thawed, air-dried, and fixed in 4% paraformaldehyde in PBS for 20 min, followed by a PBS wash (5 min). The sections were then boiled in sodium citrate (0.01M, pH 6.0) for 20 min (in microwave, on high) to enhance antigen retrieval and washed in PBS (2 ϫ 5 min). Endogenous peroxidases were blocked by incubating in 75% methanol/2% H2O2 in PBS for 5 min. Nonspecific binding was reduced by incubating the sections for 30 min in blocking buffer (10% normal goat serum, 0.1% Triton, 0.05 M Tris ⅐ Cl, pH 7.2). The sections were then incubated with a 1:150 dilution of primary antibody (mouse anti-human Ki67, Clone MIB-1; Dakocytomation) for 90 min at room temperature and washed (3 ϫ 5 min in PBS/0.1% Tween 20) . Sections were then incubated with a biotinylated secondary antibody (polyclonal goat anti-mouse diluted 1:700, Dakocytomation) for 1 h and washed (3 ϫ 5 min in PBS/0.1% Tween 20) , and then the secondary antibody was detected using the Vectastain ABC detection kit (Vector Laboratories). The sections were washed, dehydrated, and permanently mounted. A minimum of 500 nuclei were counted per fetus, and the percentage of Ki67-labeled cells (Ki67 labeling index) was measured.
Statistical analysis. All values are expressed as means Ϯ SE. Differences between control fetuses and fetuses exposed to decreased lung expansion were analyzed by an unpaired t-test. Differences between control fetuses and fetuses exposed to increased lung expansion (accelerated lung growth), as well as the ontogenic changes in VDUP1, SP-B mRNA levels, and the Ki67 labeling index, were analyzed by a one-way ANOVA followed by a least significant difference post hoc test. In the ontogeny study, all mRNA values were expressed as a percentage of the 128-day GA values, which were run on each blot, so that comparisons could be made between blots. Similarly, all values from the increased and decreased lung expansion studies were expressed as a percentage of the control values run on the same blot. The relationship 1) between VDUP1 and SP-B mRNA levels and 2) between VDUP1 mRNA levels and the percentage of Ki67-labeled cells (during normal lung development) or the previously described DNA synthesis rates (following alterations in lung expansion) was tested by the most appropriate regression for the data set. All statistical tests were performed using the software package SPSS, and significance was taken at P Ͻ 0.05.
RESULTS
Changes in VDUP1 mRNA levels during normal and altered lung growth. The relative levels of VDUP1 mRNA in the ovine fetal lung at 90 days (14.0 Ϯ 2.7%), 105 days (39.7 Ϯ 8.9%), and 111 days (28.1 Ϯ 8.1%) of gestation, which corresponds to the canalicular stage of lung development, were low compared with values measured during the alveolar stage of lung development: 128-day (100.0 Ϯ 8.5%) and 138-day GA fetuses (111.7 Ϯ 7.7%) (P Ͻ 0.05, Fig. 1 ). Near term (142 days GA), VDUP1 mRNA levels in fetal lung tissue were significantly increased to 180.0 Ϯ 18.3% relative to the 128-day GA levels (P Ͻ 0.05) and remained elevated at 2 wk PNA (156.8 Ϯ 21.2%).
In fetuses exposed to increased lung expansion induced by TO, VDUP1 mRNA levels in fetal lung tissue were significantly decreased from 100.0 Ϯ 8.3% in control fetuses to 37.2 Ϯ 3.7% of control levels at 2 days of TO (P Ͻ 0.01, Fig.  2 ). The effect of increased lung expansion on VDUP1 mRNA levels in fetal lung tissue persisted at 4 days (45.9 Ϯ 3.6%) and 10 days (45.0 Ϯ 8.6%) of TO. On the other hand, lung liquid drainage for 7 days significantly increased VDUP1 mRNA levels in fetal lung tissue from 100.0 Ϯ 15.8% in control fetuses to 162.4 Ϯ 15.6% in lung liquid-drained fetuses (P Ͻ 0.05, Fig. 3) .
Immunohistochemistry for VDUP1 in fetal lung tissue. The VDUP1 protein was found to be highly abundant in fetal lung tissue, particularly at 142 days of gestation when expression levels are high compared with earlier in gestation (90 -111 days of gestation). VDUP1 was localized to the epithelium of the small bronchioles and was abundant in the distal perialveolar parenchyma (see Fig. 4 ). In particular, VDUP1 appeared to be present in both type I and type II AECs as well as in some cells of mesenchymal origin (most probably fibroblasts, Fig.  4 ). In type II AECs, which were classified by their distinctive shape and position within the alveolar walls, the VDUP1 staining was relatively light and appeared to be primarily localized to the cytoplasm. Similarly, in cells that had flattened nuclei and cytoplasmic extensions resembling type I AECs (or possibly vascular endothelial cells), VDUP1 was predominantly localized within the cytoplasm, although a number of heavily stained flattened nuclei were observed (see Fig. 4 ). It is most likely that these VDUP1-positive cells with flattened nuclei and cytoplasmic extensions are type I AECs and not vascular endothelial cells, as VDUP1 was not localized to cells lining larger blood vessels when cut in cross section (not shown).
Relationship between VDUP1 and SP-B expression. During normal lung development, the temporal pattern of SP-B expression was very similar to and was significantly correlated with VDUP1 expression. SP-B mRNA levels were low during the canalicular phase of lung development at 90 days (37.5 Ϯ 4.1%), 105 days (45.8 Ϯ 6.6%), and 111 days GA (40.6 Ϯ 7.0%) compared with its expression during the alveolar stage at 128 days (100.0 Ϯ 2.6%, P Ͻ 0.05) GA. SP-B mRNA levels continued to increase at 138 days (168.7 Ϯ 22.7%, P Ͻ 0.05) and again at 142 days GA (264.2 Ϯ 40.6%, P Ͻ 0.05) but then decreased to 170.0 Ϯ 11.6% (P Ͻ 0.05) at 2 wk PNA (14) . These changes in SP-B expression were closely correlated with changes in VDUP1 expression throughout normal lung development; the relationship was a highly significant, positive Similarly, the changes in VDUP1 mRNA levels were positively correlated with the changes in SP-B mRNA levels following alterations in fetal lung expansion (Fig. 5B) . SP-B mRNA levels were decreased from 100.0 Ϯ 6.7% in control fetuses to 29.6 Ϯ 2.5% of control values at 2 days TO and remained low at 4 days (33.2 Ϯ 3.9%) and 10 days (18.8 Ϯ 0.4%) of TO (P Ͻ 0.001, Fig. 2B ). On the other hand, lung liquid drainage significantly increased SP-B mRNA levels from 100.0 Ϯ 8.5% in control fetuses to 142.3 Ϯ 11.7% in lung liquid-drained fetuses (P Ͻ 0.05, Fig. 3B) . The relationship between VDUP1 mRNA levels and SP-B mRNA levels in both control (128 days GA) fetuses and fetuses exposed to alterations in fetal lung expansion (both increases and decreases) was highly significant (R 2 ϭ 0.817, P Ͻ 0.0001) and best described by the quadratic function: y ϭ 1.4x Ϫ 20.6 Ϫ 0.002x 2 (Fig. 5B) . Relationship between VDUP1 and lung growth. A significant inverse relationship was also found between VDUP1 mRNA levels and lung cell proliferation rates during normal lung development and following alterations in fetal lung expansion (both increases and decreases). The percentage of lung cells proliferating during normal lung development, determined by a Ki67-labeling index, was highest at 90 days of GA (8.7 Ϯ 1.7%) when VDUP1 mRNA levels were lowest. There and SP-B mRNA levels in ovine fetal lung tissue are shown during normal lung development (A) and in fetuses exposed to increases (F) or decreases (E) in fetal lung expansion (B). The relationship between VDUP1 mRNA levels and cell proliferation rates are shown during normal lung development (C) and in fetuses exposed to increases (F) and decreases (E) in fetal lung expansion (D). Cell proliferation rates were determined by the percentage of Ki67-labeled cells during normal lung development and by the incorporation of [ 3 H]thymidine into DNA, in fetuses exposed to increases and decreases in lung expansion. In A and B, each point represents values from a single fetus. In C and D, each point represents a group mean Ϯ SE (n ϭ 3-5 for each), as the cell proliferation rates and VDUP1 expression were not performed in the same fetuses.
was a nonsignificant decrease in cell proliferation at 111 days GA (6.0 Ϯ 0.4%), which corresponded to a small, nonsignificant increase in VDUP1 mRNA levels. However, compared with the 90-and 111-day levels, cell proliferation rates were significantly lower at 128 days GA (2.8 Ϯ 0.5%, P Ͻ 0.05), which coincided with a threefold increase in VDUP1 mRNA levels. Cell proliferation rates remained low at 138 days (2.3 Ϯ 0.4%) and 142 days GA (1.7 Ϯ 0.3%) when VDUP1 mRNA levels remained high. A highly significant inverse exponential relationship was found between VDUP1 mRNA levels and the rate of lung cell proliferation (y ϭ 1.6 ϩ 104.4/x, R 2 ϭ 0.972, P Ͻ 0.002; Fig. 5C ), indicating that high VDUP1 mRNA levels are associated with low lung cell proliferation rates during normal lung development.
The reduction in VDUP1 mRNA levels induced by increased lung expansion ( Fig. 2A) coincided with a large increase in lung cellular proliferation rates, as determined by the incorporation of [ 3 H]thymidine, at both 2 days (777%) and 4 days (66%) of increased lung expansion, relative to controls (32) . On the other hand the increase in VDUP1 mRNA levels induced by lung liquid drainage (Fig.  3A) for 7 days was associated with a substantial decrease in lung cell proliferation to 37.3% of control levels (19) . An inverse exponential relationship was found between VDUP1 expression and the rate of lung cell proliferation (y ϭ 1.9*10 6 e Ϫ0.2x , R 2 ϭ 0.956, P Ͻ 0.001; Fig. 5D ), indicating that high VDUP1 mRNA levels following alterations in fetal lung expansion are associated with low lung cell proliferation rates.
DISCUSSION
This is the first time that VDUP1 has been implicated as a regulator of any developmental process that we are aware of. We have shown that VDUP1 expression is reduced in response to an increase in lung expansion that induces a marked acceleration (eightfold increase) in lung cell proliferation. On the other hand, lung deflation, which causes lung growth to cease, was associated with a large increase in VDUP1 expression. As VDUP1 is involved in cell growth and differentiation in a wide range of tissues, we have related the changes in VDUP1 mRNA levels in the developing lung to changes in indexes of lung growth and to expression of the type II AEC marker, SP-B. VDUP1 mRNA levels were inversely related to cellular proliferation and were positively related to the mRNA levels for the type II AEC marker SP-B following alterations in fetal lung expansion (Fig. 5) . Similarly, VDUP1 mRNA levels were found to increase in parallel with increases in SP-B expression and were inversely related to cell proliferation rates, over the last third of gestation. When combined with the known roles of VDUP1, these data support a role for VDUP1 in the control of cell proliferation and type II AEC differentiation in the developing lung. VDUP1 has well-described roles in growth inhibition and tumor suppression. Its expression is downregulated in tumors of the lung (16, 17) , colon (5, 21), mammary glands (5, 17, 46, 50) , lymph glands (9) , and melanoma cells (40) . On the other hand, overexpression of VDUP1 is associated with the suppression of both tumor growth (5, 17, 22, 34, 42 ) and the formation of metastases (16) . VDUP1 has been shown to arrest cell cycle progression at G 0 /G 1 (23, 34) , likely via its interaction with thioredoxin (38) and/or by forming part of a zinc-finger transcriptional co-repressor complex (17) . Thioredoxin is a cellular redox protein that promotes cell proliferation and alters gene expression via redox-dependent alterations in the activity of growth-promoting proteins (25) and by enhancing the binding of transcription factors, such as NF-B, activator protein-1, and p53, to target DNA (25, 48) . VDUP1 is a potent negative regulator of thioredoxin as it downregulates thioredoxin mRNA levels and synthesis of the thioredoxin protein as well as inhibiting thioredoxins' reducing activity (35, 48) ; the latter decreases thioredoxins' potential to activate growth-promoting proteins. VDUP1 overexpression also inhibits cell proliferation by causing downregulation of the cyclin A2 promoter (17) , which contains promyelocytic leukemia zinc-finger (PLZF) response elements (47) . Cyclin A2 is a regulator of the cell cycle that modulates the function of two different cyclindependent kinases and is able to control progression of the cell cycle at S phase during mitosis (45) . The effect of VDUP1 on cyclin A2 is likely due to the interaction of VDUP1 with a zinc-finger transcriptional co-repressor complex that consists of PLZF, Fanconi anemia zinc-finger, and histone deacetylase 1 (17) . Those studies suggest that VDUP1 is likely to exert its antiproliferative effects by inhibition of cyclin A2 expression by interacting with the PLZF transcriptional co-repressor complex and/or by inhibiting the ability of thioredoxin to regulate proliferationrelated proteins and transcription factors.
In view of the well described roles for VDUP1 in growth inhibition, our finding that VDUP1 expression in the fetal lung is differentially regulated by stimuli that accelerate and retard fetal lung growth is consistent with the suggestion that VDUP1 is an important regulatory factor of these processes. We found that VDUP1 was significantly downregulated by increased fetal lung expansion, which is a potent stimulus for fetal lung cell proliferation (6, 19, 31, 32) . On the other hand, VDUP1 expression was significantly upregulated by lung deflation, which causes lung cell proliferation to effectively cease (1, 19) . Furthermore, when all the data was combined, we showed that VDUP1 expression was inversely correlated with the rate of lung cell proliferation, during both alterations in lung expansion and normal lung development. Consequently, we suggest that VDUP1 may be an important inhibitory modulator of cell proliferation in the developing lung and that lung cell proliferation may depend upon the removal of its inhibitory influence. Although the pathways by which VDUP1 could exert this modulatory effect on cell proliferation are unknown, they likely involve the inhibition of thioredoxin and/or cyclin A2 as described above and may depend upon the cellular location of VDUP1, specifically, nucleus vs. cytoplasm (see below). Future studies involving VDUP1 activation or inhibition will be needed, however, to elucidate a causal role for VDUP1 as an inhibitor of cell proliferation in the developing lung.
The immunohistochemical analysis demonstrated that, in the distal airways, VDUP1 was predominantly localized within airway epithelial cells of the small bronchioles and appeared to be present in both type I and type II AECs (Fig.  4) . Because of their close apposition to and similar morphology with capillary endothelial cells, it is difficult to identify type I AECs using light microscopy without specific cell markers. However, we believe that the VDUP1-labeled cells observed within the alveolar walls that had flattened nuclei and cytoplasmic extensions were unlikely to be endothelial cells. This is because VDUP1 staining was not present in endothelial cells of the small blood vessels that could be clearly identified. In a number of these "type I AECs," both nuclear and cytoplasmic staining was observed, with some nuclei being darkly stained for VDUP1. Although it is difficult to clearly demonstrate cytoplasmic vs. nuclear staining in the flat images (see Fig. 4) , following a careful in-depth examination, it appeared that type I AECs were the only cell type that had evidence of nuclear staining; VDUP1 staining appeared to be confined to the cytoplasm in type II AECs, with little or no staining of nuclei (see Fig. 4 ). The possible significance of differential staining patterns between type I and type II AECs is unclear, although the presence of VDUP1 in the nuclei of type I AECs could relate to its inability to divide; previous studies have provided compelling evidence to indicate that type I AECs cannot divide (11) . Thus it is possible that the presence of VDUP1 in the nucleus suppresses nuclear specific activities that are critical for cell proliferation such as cyclin A2 expression and/or thioredoxin activity, as indicated above. Previous studies have predominantly localized VDUP1 staining to the cytoplasm in a number of different cell types (7, 17, 23) although nuclear staining has been observed in HL-60 cells plated at high cell densities (17); these conditions would be expected to inhibit cell proliferation. Under the latter conditions, VDUP1 within the nucleus is colocalized with the PLZF transcriptional co-repressor complex that inhibits cyclin A2 expression (17) .
Our findings that VDUP1 is differentially regulated by alterations in fetal lung expansion is consistent with the findings of previous studies demonstrating that mechanical strain is an important regulator of VDUP1 expression (44, 49) . In those studies, mechanical strain was shown to downregulate VDUP1 expression and VDUP1 protein synthesis in rat cardiac myocytes both in culture (44) and in vivo, in response to a pressure overload (49) . Although the mechanism by which VDUP1 expression is altered by mechanical forces is unknown, it may be secondary to alterations in signaling pathways activated by cell stretch. These include activation of extracellular matrix receptors (2, 30), stretch-sensitive ion channels (2, 4), or direct alteration of gene transcription by elements within its promoter such as the shear stress responsive element (37, 39) . Indeed, the promoter region of VDUP1 contains two Sp1 sequence elements that have been shown to act as a shear stress responsive element (26) .
High levels of VDUP1 have also been associated with cellular differentiation in mammary (10, 20) , epidermal (7), T-cell (34), myeloid (8) , and gastrointestinal epithelial (41) cells, although the mechanisms involved are unknown. It is possible that thioredoxin or the zinc-finger transcriptional co-repressor complex could affect the expression of genes that determine cell phenotype and may, therefore, mediate the effect of VDUP1 on cellular differentiation. In the developing lung, differentiation of AECs into the two specialized phenotypes is essential for providing the lung with a thin barrier for efficient gas exchange (type I AECs) and for producing pulmonary surfactant (type II AECs). Surfactant reduces the surface tension generated at the air-liquid interface once the lung becomes filled with air at birth. We have previously reported the changes in AEC proportions throughout gestation and have demonstrated that the degree of basal lung expansion is an important determinant of AEC phenotype. Increased fetal lung expansion favors the type I cell phenotype, whereas reduced fetal lung expansion favors the type II AEC phenotype (12, 15) . As the changes in type II AEC proportions are closely associated with concomitant alterations in SP-B mRNA levels (12, 13, 14) , we chose SP-B as a marker of differentiated type II AECs. We found a highly significant positive correlation between the expression levels of VDUP1 and SP-B throughout normal lung development and following increases and reductions in fetal lung expansion (Fig. 5, A and B) . Given the relationship between VDUP1 and differentiation in other cell types, it is possible that VDUP1 may play a role in the regulation of AEC phenotypes. Indeed, as VDUP1 is highly induced by vitamin D 3 (8) , it may mediate the stimulatory effects of vitamin D 3 on type II AEC differentiation and SP-B expression (28, 29, 36) . The presence of VDUP1 in type I cells that do not express SP-B may, on the surface, appear to contradict this suggestion; however, the expression of all proteins, including SP-B, is dependent upon a balance between positive and negative regulators. Thus a lack of SP-B expression in type I cells is likely due to the presence of high levels of repressors of SP expression. However, further studies will be required to demonstrate a causal role for VDUP1 in the regulation of alveolar epithelial cell differentiation.
In summary, we have shown that lung VDUP1 expression is regulated by the degree of basal lung expansion during fetal life, is inversely related to the rate of cellular proliferation, and is positively related to type II AEC differentiation during normal, accelerated, and retarded fetal lung growth. These findings suggest that VDUP1 may mediate the effects of alterations in lung expansion on lung cell proliferation and differentiation and that it may be an important endogenous regulator of fetal lung growth and type II AEC differentiation during normal lung development.
